A pilot study was conducted to study the treatability of high-strength landfill leachate by a combined process including upflow anaerobic sludge blanket (UASB), carbon removal (C-stage) moving bed biofilm reactor (MBBR) and ANITA™ Mox process. The major innovation on this pilot study is the patent-pending process invented by Veolia that integrates the above three unit processes with an effluent recycle stream, which not only maintains the low hydraulic retention time to enhance the treatment performance but also reduces inhibiting effect from chemicals present in the high-strength leachate. This pilot study has demonstrated that the combined process was capable of treating highstrength leachate with efficient chemical oxygen demand (COD) and nitrogen removals. The COD removal efficiency by the UASB was 93% (from 45,000 to 3,000 mg/L) at a loading rate of 10 kg/(m 3 ·d). The C-stage MBBR removed an additional 500 to 1,000 mg/L of COD at a surface removal rate (SRR) of 5 g/(m 2 ·d) and precipitated 400 mg/L of calcium. The total inorganic nitrogen removal efficiency by the ANITA Mox reactor was about 70% at SRR of 1.0 g/(m 2 ·d).
INTRODUCTION
For the high-strength waste, anaerobic treatment has been the preferred technology as the first stage of biological treatment systems (Wang & Banks ; Bohdziewicz & Kwarciak ) . The main reasons behind it include large chemical oxygen demand (COD) removal without using energy to transfer oxygen, higher COD loading rates, less sludge production, and more importantly biogas generation for energy recovery purposes (Kennedy & Lentz ) . In the last three decades, anaerobic treatment technology has been significantly improved by development of the sludge bed digesters such as upflow anaerobic sludge blanket (UASB) reactors representing more than 65% of all anaerobic processes installed for treating industrial wastewater (Lettinga et al. ; Schmidt & Ahring ; Liu et al. ) .
In recent years, single-stage deammonification technology combining partial nitritation and anammox has rapidly become an emerging technology for cost-effective autotrophic nitrogen removal in the sidestream treatment in municipal water resource recovery facilities (WRRFs) (van Dongen et al. ; Mulder ; Ahn ; Wett ). ANITA™ Mox is a single-stage deammonification process utilizing moving bed biofilm reactor (MBBR) technology. Partial nitrification to nitrite and anammox occur simultaneously within the aerobic and anoxic zones of the biofilm, resulting from oxygen mass transfer limitation under limited dissolved oxygen (DO) condition. Ammoniaoxidizing bacteria (AOB) oxidize ammonia (NH 4 þ ) to nitrite (NO 2 À ) in the aerobic zone of the biofilm (i.e. outer part) while anammox bacteria located in the anoxic zone of the biofilm (i.e. inner part) consume NO 2 À produced by AOB together with the excess NH 4 þ to produce nitrogen gas (N 2 ). There are very few studies reporting the use of deammonification processes to treat regular-strength (old) landfill leachates (Liang & Liu ; Ruscalleda et al. ; Wang et al. ) , and even more rare on combining anaerobic treatment with the deammonification processes to treat high-strength (young) landfill leachate worldwide.
A pilot test was conducted to study the treatability of high-strength landfill leachate by coupling the UASB process with deammonification technology for COD and nitrogen removal. One major innovation of this pilot study was that it was not only combing the individual anaerobic and deammonification processes for COD and nitrogen removal but also it was a patent-pending process invented by Veolia that integrates the UASB, a carbon removal stage (C-stage) MBBR, and ANITA Mox with an effluent recycle stream. This recycle stream not only maintains the low hydraulic retention time (HRT) to enhance the treatment performance but also reduces the inhibiting effect from chemicals present in the high-strength leachate.
MATERIALS AND METHODS

Experiential setup
Figure 1 presents a schematic flow diagram of the benchscale reactor system including three stages: UASB, C-stage MBBR with clarifier, and ANITA Mox. The UASB reactor is a glass column with a water bath to maintain a reactor temperature at 37 W C. The anaerobic granular sludge was supplied by Veolia to expedite the startup process. The two MBBR reactors (i.e. the C-stage and the ANITA Mox) were started with 40% seeded carriers (AnoxKaldnes K5 plastic media carrier), which were obtained from the ANITA Mox pilot plant at Denver, CO, USA, treating sidestream centrate. The aeration in the two MBBR reactors was provided by a compressor with a manual airflow control. Table 1 summarizes the reactor volumes, media volumes, and media surface areas in the bench-scale reactor system. The ANITA Mox reactor was equipped with temperature, pH, and DO sensors (Mettler Toledo). The operating conditions (e.g., DO, temperature and intermittent aeration cycles) were monitored by these online probes. The pH in the ANITA Mox reactor was controlled between 7 and 8 by acid (HCl 0.5 M) and base (NaOH 0.5 M) dosing.
Influent characteristics
The influent used to feed the bench-scale system was a mixture of the high-strength (young) and regular-strength (old) leachates at a ratio of 2:1, which represented the leachate flows coming to the Mill Creek WRRF. Both leachates were delivered from Rumpke landfill (Ohio, USA) on a weekly basis. Table 2 summarizes the characteristics of both leachates during the testing period.
Experimental schedule
The feasibility study for the UASB reactor was conducted from April 24 to December 12 in 2013. The mixture of the two leachates together with ANITA Mox effluent was fed to the UASB reactor at a desired volumetric loading rate (VLR). Dilution water was supplemented to the feed flow to maintain a constant hydraulic loading rate in the UASB as needed. Micronutrient and phosphorus solutions (K 2 HPO 4 ) were added into the feed tank as essential nutrients for bacteria growth. The COD VLR was increased from 1.0 kg-COD/(m 3 ·d) from the beginning to 12.0 kg COD/(m 3 ·d) at the end of the testing period. The test for the C-stage MBBR and ANITA Mox feasibility consisted of three phasesa start-up phase (May 20-June 16), a phase with the regular-strength leachate for acclimation (June 17-October 20) and a phase with the UASB effluent (October 21-December 12). The feed flow rate for this test was adjusted based on influent ammonia concentrations to maintain a constant ammonia loading rate to the ANITA Mox reactor.
Analytical methods
COD, soluble COD (sCOD), total suspended solids (TSS), volatile suspended solids (VSS), volatile fatty acids (VFA), nitrogen species (NH 4 -N NO 3 -N, NO 2 -N), and alkalinity were measured daily for the influent, the final effluent and in each reactor. NH 4 -N NO 3 -N, NO 2 -N, alkalinity and COD are measured using Hach TNT kits with a DR3900 spectrophotometer. TSS and VSS were analyzed according to the standard methods (Standard Methods ). VFA was analyzed with a titration method.
RESULTS AND DISCUSSION
The UASB reactor performance Figure 2 shows the effluent COD and VFA concentrations versus the COD VLRs to the UASB reactor. The COD VLR was slowly increased from 1.0 to 11.0 kg/(m 3 ·d) throughout the 8 month testing period, while the effluent COD remained relatively stable, around 3,000 mg/L (Figure 2(a) ). During the testing period from Day 60 to Day 100, the effluent VFA level jumped to 15 meq/L, which indicates that the COD loading rate was increased too fast ( Figure 2(b) ). Between Day 70 and Day 100, the adjustment of the COD VLR was able to recover the UASB performance. After Day 100, the VFA concentration stayed at about 5.0 meq/L during the rest of the testing period even with the COD VLR ramping up to 11 kg/ (m 3 ·d). This indicates a healthy and stable methanogenesis in the reactor. The UASB has treated the leachate with a 75% COD removal at a VLR up to 11 kg/(m 3 ·d) based on the combined influent flow rate of 11.5 L/d. If the recycle stream from the final effluent is considered as internal, the COD removal efficiency would be 93% (from 45,000 mg/L in the feed mixture to 3,000 mg/L in the UASB effluent). Kennedy & Lentz () reported a loading rate to a UASB in a range of 0.6-19.7 kg-COD/(m 3 ·d) when treating a leachate with a COD concentration of 3,210-9,190 mg/L and a Ca concentration of 2.15-113.9 mg/L. Shin et al. () reported a UASB loading rate of 15.8 kg-COD/(m 3 ·d) in treating a leachate from an acidogenic fermenter in a two-phase anaerobic digestion for food waste treatment. The COD to the UASB unit was 6,600-8,600 mg/l and no Ca data were reported.
C-stage and ANITA Mox performance
The C-stage MBBR reactor was designed to aerobically remove the remaining biodegradable COD in the UASB effluent while the ANITA Mox reactor was designed to achieve total nitrogen removal through the deammonification process. Figure 3(a) shows the COD profiles for the two MBBR reactors during the phase receiving the UASB effluent (the last phase). It is evident that about 1,000 mg/L of COD was further removed by the C-stage, which is not surprising as this portion of COD may not be anaerobically biodegradable but can be degraded aerobically. Based on a feed flow rate of 8 L/d to the C-stage, the COD surface removal rate (SRR) was estimated to be 5 g/(m 2 ·d) at 22 W C.
Figure 3(b) shows the total inorganic nitrogen (TIN) profiles in the two MBBR reactors during the phase receiving the UASB effluent. The influent TIN concentration averaged at about 450 mg/L. There was a small amount of nitrification occurring in the C-stage due to excess aeration for well mixing the carriers. Nearly 70% of TIN was removed by the ANITA Mox stage, with an average effluent TIN about 100 mg/L. Since there was not much COD removal in the ANITA Mox reactor during the same period (shown in Figure 3(a) ), the TIN removal was indeed attributed to anammox activity. Based on the influent flow rate of 8 L/d, the average nitrogen SRR was estimated to be about 1.0 g/ (m 2 ·d) at 30 W C. . These studies were conducted in RBC systems designed for conventional nitrification and denitrification. However, unaccounted for nitrogen losses were detected, in spite of the absence of available organic matter for denitrification. Further analysis revealed the presence of anammox bacteria. These RBC systems are considered a single-stage deammonification process, the same as ANITA Mox. The reported nitrogen surface loading rates were 1.6 g-N/(m 2 ·d) by Hippen et al.
() and 1.4 to 4.0 g-N/(m 2 ·d) by Siegrist et al. () . Considering the above reported rates were loading rates, not the removal rates, the SRR rate of 1.0 g/(m 2 ·d) obtained from the current study is in the similar range. Figure 4 shows the ammonia, nitrite and nitrate profiles in the two MBBR reactors during the phase receiving the UASB effluent. In Figure 4(a) , there was about 50 to 100 mg/L ammonia removal in the C-stage reactor between Day 5 and Day 20, which was balanced by the nitrite production in the C-stage during the same period (Figure 4(b) ). The ammonia removal in the C-stage was due to the over-aeration in the reactor. The average influent and effluent ammonia concentrations from the ANITA Mox reactor were about 350 mg/L and 100 mg/L, respectively, which indicates a significant amount of ammonia removal in the ANITA Mox reactor. During a period between Day 20 and Day 30, the high ammonia concentration and the low nitrate concentration in the ANITA Mox were caused by the low DO operation in the reactor.
In Figure 4 (a), a clear pattern was observed for the effluent ammonia from the ANITA Mox stage, that is, the ammonia concentration typically peaked on Monday for most weeks during the testing period. The bench-scale ANITA reactor did not have an automatic aeration control based on DO and was not monitored by an operator during the weekend. The aeration was out of control on most of the weekends due to a failure of the air compressor or clogging of air tubing or diffusers, which was the cause for the ammonia peaks on most of the Mondays. During the subsequent weekdays, the effluent ammonia was improved due to the optimization and maintenance work done by the operator. Therefore, the ammonia peaks (i.e. unstable performance) were due to a combination of lack of automatic control and lack of manpower on the weekends.
In Figure 4(b) , the effluent nitrite concentration in the ANITA Mox was around 5 mg/L during the entire testing period, except for the first five days. This low effluent nitrite concentration in the ANITA Mox indicates that anammox performance was limited by the availability of nitrite due to slow nitritation in the reactor. It is commonly thought that the deammonification process would be limited by the anammox process due to the extremely slow growth rate of the anammox bacteria. However, with biofilm carriers, enough anammox biomass was retained in the ANITA Mox process. Due to the low DO operation for controlling nitrite-oxidizing bacteria (NOB) growth, the nitritation step was limited as well. Therefore, nitritation, not anammox, generally is the limiting step in the one-stage deammonification process (Christensson et al. ) .
The nitrate concentrations in the ANITA Mox were generally very low (below 10 mg/L). In single-stage deammonification processes, anammox bacteria and NOB compete for nitrite as a substrate. In order for deammonfication to work, the key control is to suppress the NOB growth. The fact that nitrate was low for most of the time indicates that the NOB were normally under control in the ANITA Mox reactor. The high nitrate concentrations in the ANITA Mox reactor during two short periods between Day 15 and Day 20 and between Day 30 and Day 35 were caused by the peak nitrite concentrations in the feed, which was caused by the over-aeration in the C-stage.
Calcium removal performance Figure 5 shows the Ca profiles in each reactor. The Ca concentration in the UASB effluent is about 550 mg/L. After the system reached a stable operation period (after Day 35), about 400 mg/L of Ca was precipitated in the C-stage and removed in the C-stage clarifiers with sludge wasting. The C-stage aeration not only provides the O 2 transfer but also strips off the dissolved CO 2 in the UASB effluent, thus increasing the pH in the reactor. This is a cost-effective way to increase the pH of the water and remove the Ca without chemical addition.
Overall mass balances
A limited amount of Ca between 100 and 600 mg/L in the UASB feed is helpful for anaerobic sludge granulation. However, higher Ca concentration can lead to large amounts of CaCO 3 accumulation in UASB systems, which can lead to a decreased VSS/TSS ratio, decreases biological activity and creates various mechanical and structural problems over time. Therefore, high influent Ca concentration must be avoided in the UASB influent. Based on the experimental results from this study, overall mass balances on COD, NH 4 -N and calcium for the combined UASB and ANITA Mox system were generated as shown in Figure 6 .
As mentioned earlier, the major innovation of this pilot is that it integrates the UASB and ANITA Mox as a system with a recycle stream from the ANITA Mox effluent. As shown by the mass balances, the recycle stream reduced the UASB HRT to about 1.0 day and brought the influent COD and Ca levels into a good operating range. In the C-stage MBBR, the alkalinity basically should remain the same as it was in the UASB reactor. Aeration stripped off a large amount of CO 2 from the UASB effluent. During the pilot study, the pH in the C-stage was around 8 and about 400 mg/L Ca was removed in the C-stage. As shown in the mass balance on COD and Ca, the pilot operation with a cycle ratio of 330% brought the COD and Ca in the feed to about 12,000 mg/L and 600 mg/L, respectively. Eventually the recycle ratio will be determined by the Ca profile rather than COD profile in this patent-pending UASB/ANITA Mox hybrid system.
SUMMARY AND CONCLUSIONS
This pilot study has clearly demonstrated that coupling the UASB and ANITA Mox processes was capable of treating high-strength landfill leachate with efficient COD and nitrogen removal. The COD removal efficiency by the UASB was 93% at a loading rate of 10 kg/(m 3 ·d). The C-stage MBBR removed an additional 500 to 1,000 mg/L of COD at an SRR of 5 g/(m 2 ·d) and precipitated about 400 mg/L of calcium. The TIN removal efficiency by the ANITA Mox reactor was about 70% at an SRR of 1.0 g/(m 2 ·d). For the high-strength leachate, a recirculation ratio of 300-400% was necessary for the combined process to bring the feed COD and Ca to an adequate range to avoid an inhibiting and negative effect to the UASB process.
